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Introduction
Heat transfer fluids (HTFs) play an important role in a wide range of applications. Vehicles, microelectronics and industrial processes require the use of coolants to dissipate the heat produced and thus prevent overheating. However, the functionality of HTFs is not limited to this single role: heat transfer plays a key part in energy conversion applications and thermal storage.
Water, ethylene glycol, oils, etc. are widely used as HTFs, 1 but a major problem with these conventional coolants is the low heat exchange rate and thermal conductivity (k), typically between 0.06-0.6 W m −1 K −1 . 1 These values are not high enough to meet the coming needs and challenges of the industry, such as in the field of microelectronics, where temperature control has become crucial for an adequate and reliable performance of the electronic components. The high demand for HTFs with superior performance in terms of heat transfer efficiency has led to the development of a variety of novel nanofluid (NF) materials, formed by solid nanoparticles (NPs) dispersed in a base fluid. Numerous studies have revealed that the thermal properties of a fluid can be improved remarkably by the dispersion of nanoparticles, such as specific heat capacity and thermal conductivity, [2] [3] [4] [5] [6] [7] [8] [9] and in the case of the latter by more than 20%. [5] [6] [7] [8] [9] [10] [11] The enhancement of k has been commonly observed in NFs and there is still an ongoing debate to explain it. This work sheds some light on the possible causes of this enhancement. In previous studies, various mechanisms have been suggested to explain thermal conductivity enhancement, such as: (i) an increase in thermal transfer due to Brownian motion of nanoparticles; 12, 13 (ii) localized convection created in the fluid due to Brownian motion of nanoparticles; [13] [14] [15] (iii) agglomeration of nanoparticles; 12, 16, 17 (iv) enhanced thermal energy transfer due to increased interatomic interactions arising from the interatomic potential; 15, 18 (v) layer-like ordered liquid around the solid; 12 and (vi) ballistic phonon transport of heat through solid nanoparticles. 12 In this paper, all of these mechanisms are discussed and considered in the particular case of graphene-amide NFs. Herein, we report a simple NF system in which a surfactant free nanomaterial is dispersed in an organic fluid. This approach was chosen because the presence of a surfactant can result in additional complexity in modeling and interpreting the enhancement of the thermal properties. 19, 20 Consequently, the experimental and theoretical data obtained from this bookexample system can provide valuable information regarding the interaction between a nano-solid and the fluid molecules. This work also seeks to address how the presence of a small concentration of nanomaterial is capable of modifying the macro-properties of the fluid. The solvents, N,N-dimethylacetamide (DMAc) and N,N-dimethylformamide (DMF), were used to prepare graphene NFs because they form highly stable graphene dispersions. Moreover, these fluids possess a higher boiling point than most coolants, e.g. water. Graphene was selected as the additive material due to its extraordinary thermal conductivity (above 2000 W m −1 K −1 ) and non-toxicity. 21, 22 Furthermore, graphene-based nanofluids have also attracted great attention due to the wide range of fields they can be applied in, including liquid electrodes for energy storage and flexible electronics, among others. [23] [24] [25] [26] We determined experimentally the influence of graphene concentration on thermal conductivity, heat capacity (C p ), sound velocity (v s ) and Raman spectra. Additionally, molecular dynamics (MD) and density functional theory (DFT) were used to study the interaction between graphene and amide molecules and a possible local order close to the graphene flake, as previously done with other nanofluid systems. 27 Our study provides considerable insight into the field of thermal transport in dynamic systems, such as liquids and NFs, thereby addressing a fundamental problem in NFs.
Results

Thermal conductivity and specific heat capacity studies
Thermal conductivity measurements of the DMAc and DMF graphene NFs were performed using the 3ω technique at 298 K and 324 K. In contrast to other techniques used for thermal conductivity characterization (e.g. hot transient wire), the three-omega method works in a very fast time window . Therefore, it mostly suppresses the interference from convection, for which the effect decreases with frequency. 28 Three concentrations of DMF nanofluids ranging from 0.01 to 0.05 wt% of graphene dispersed in DMF and four concentrations of graphene dispersed in DMAc nanofluids ranging from 0.01 to 0.18 wt% were measured along with the bare fluids. Hereafter, for convenience, sample names will be shortened by omitting 'wt% of graphene dispersed in', for example: 0.01 wt% of graphene dispersed in DMAc will henceforth be written as 0.01% DMAc. The thermal conductivity enhancement of the NFs at room temperature compared to the bare fluids is shown in Fig. 1a as a function of graphene concentration. A progressive and almost linear enhancement can be observed in both sets of NFs as a function of graphene concentration. The largest enhancement (∼48%) was obtained with 0.18% DMAc NF. The thermal conductivity data are summarized in Tables S3 and S4 in the ESI. †
The thermal conductivity as a function of graphene concentration for two different temperatures, T = 298 K (green solid squares) and 324 K (light green solid circles), is shown in Fig. 1b . As can be seen, the thermal conductivity of DMF-NFs tends to decrease as temperature increases, exhibiting the same temperature behavior as with common organic fluids. 29 The specific heat capacities (C p ) of the base fluids and graphene-DMAc and -DMF NFs were measured using differential scanning calorimetry (DSC) at 293 K. The study of the influence of graphene concentration on the specific heat capacity of the nanofluids was carried out using concentrations in the range of 0.01-0.12% for both DMAc and DMF.
The progressive enhancement of the specific heat capacity as a function of graphene concentration for DMAc and DMFbased fluids is shown in Fig. 1c . The largest enhancement (∼18%) was obtained with 0.11% DMAc NF.
The viscosity of the NFs was also measured as a function of graphene concentration. A relevant increment of the viscosity was found on increasing graphene loadings (see the ESI †).
Analysis of vibrational spectra
Brillouin and Raman light scattering. The sound velocity in the NFs was determined from Brillouin light scattering (BLS) measurements. BLS is a well-established technique for measuring sound velocities in solids, liquids and gases. [30] [31] [32] It probes the light frequency shift resulting from inelastic light scattering by thermally populated acoustic waves in the medium. In the backscattering configuration, the Brillouin shift is related to the frequency of the scattering acoustic wave through the following expression: 33
where f is the Brillouin frequency, v s and λ s are the velocity and the wavelength of the acoustic wave, respectively, λ 0 is the laser wavelength (λ 0 = 532 nm), and n is the refractive index of the medium. The refractive index of the nanofluids was determined using the knife edge method. 34 The refractive indexes remained constant as a function of graphene concentration. A schematic representation of the setup used and a graph with the refractive index values are included in the ESI. † To calculate the sound velocity, an average of the refractive indexes for the fluids was used, n = 1.44 and n = 1.43, for DMF and DMAc, respectively, which are in good agreement with the values in the literature. 35 A small shift in the frequency as a function of graphene concentration can be observed in Fig. S2 in the ESI, † which is consistent with a concentration dependence of the sound velocity shown in Fig. 2 . The Raman spectra of DMF NFs and the bare fluid were recorded, as shown in Fig. S4 in the ESI. † The peak position of the Raman mode at 1090 cm −1 is plotted in Fig. 2b as a function of graphene concentration. This band corresponds to an asymmetric bending vibration in a plane (rocking) of the bond '(CH 3 )N' of the DMF molecule. 36 The Raman spectra at 1090 cm −1 at different concentrations of graphene show a continuous displacement to higher frequencies and a broadening of the mode with increasing graphene concentration (see Fig. S4 in the ESI †). Similarly, the band centered at 1438 cm −1 , v(C-N) stretching, undergoes a shift to higher frequencies with increasing graphene concentration, as shown in Table 1 .
Discussion
As the results show, the presence of graphene in the NFs impacts all the measured properties, i.e., thermal conductivity, specific heat capacity, sound velocity and vibrational Raman modes. The enhancement of k has been commonly observed in NFs and there is still an ongoing debate to explain it. Different mechanisms have been suggested, such as: (i) an increase in thermal transfer due to Brownian motion of nanoparticles; 12, 13 (ii) localized convection created in the fluid due to Brownian motion of nanoparticles; [13] [14] [15] (iii) agglomeration of nanoparticles; 12, 16 (iv) enhanced thermal energy transfer due to increased interatomic interactions arising from the interatomic potential; 15, 18 (v) layer-like ordered liquid around the solid; 12 and (vi) ballistic phonon transport of heat through solid nanoparticles. 12 Assuming that the Brownian motion mechanisms (i and ii) are correct, if the temperature increases, then the overall speed of the particles will be higher and consequently k should also increase. However, as shown in Fig. 1b , k decreases when the temperature increases, therefore such a mechanism does not explain our results. In addition, Keblinski et al. 12 showed that the movement of nanoparticles, due to Brownian motion, is too slow to transport significant amounts of heat through a nanofluid, even in the case of extremely small particles. This conclusion is supported by molecular dynamics simulations. 12 Similarly, a localized convection caused by Brownian motion can also be discarded. 13 The NP agglomeration model (iii) can explain the enhancement of k in unstable NFs and is time dependent. 16 The formation of large aggregates, up to a certain size, can enhance k even further due to local percolation behavior. In our case, the DLS results showed a constant particle size and concentration over time. Additionally, the average graphene size observed using TEM is in good agreement with the DLS results, demonstrating that no agglomeration occurred (see the ESI †). Moreover, a constant k was measured in different samples as a function of time (months), demonstrating that this mechanism cannot explain our results.
Raman spectroscopy was used as a tool to determine the plausibility of applying theory (iv) to our nanofluids. If graphene induces a modification of the interatomic interactions in the fluid, the Raman spectrum should be affected. As can be seen in Fig. 2b and Table 1 , two Raman modes of DMF shifted to higher frequencies with increasing graphene concentration. Remarkably, the bands exhibiting larger displacements were the ones corresponding to carbon-nitrogen bonds: N-(CH 3 ) (≈ 1090 cm −1 ) and C-N (≈ 1438 cm −1 ). The displacement of the band ≈1090 cm −1 was around 4 cm −1 for 0.12% graphene-DMF nanofluid. This band corresponds to an asymmetric rocking vibration from the bond 'N-(CH 3 )'. 36 The displacement of these bands to higher frequencies in the presence of graphene physically could be interpreted as the C-N bond becoming more rigid, needing more energy to vibrate, with increasing graphene concentration. This interpretation leads us to suggest that graphene somehow affects the interaction between the solvent molecules, resulting in a strong modification of the interatomic potential as a function of graphene concentration, as model (iv) suggests. Some authors claim that the weak interplanar bonding in graphite is merely due to van der Waals interactions. However, graphite does not show the same behavior as typical molecular (van der Waals) crystals. 37 Nevertheless, the delocalization of π electrons seems to play an important role in the interaction (stacking) between layers. Similarly, the nitrogen, oxygen and carbonyl carbon atoms in both DMF and DMAc all have sp 2 hybridization, and hence p orbitals perpendicular to the O-C-N plane which allow electron delocalization. 38 The quasi-planarity of the solvent molecules and the sp 2 hybridization favor the π-π stacking if the solvent molecules are in a parallel orientation with respect to the graphene flakes. Therefore, it is reasonable to suggest that a π-π bond is formed between the solvent molecules and the graphene surface. This interaction would then increase the rigidity of C-N bonds of the molecules closest to the graphene, and consequently, modify their Raman spectra, as shown in Table 1 . This table shows the calculated Raman frequencies of a simple system (A), consisting of three molecules of DMF parallel to a graphene flake and the experimental Raman frequencies of DMF and 0.05% DMF. As can be seen, the calculated Raman modes as a function of graphene concentration exhibit a consistent shift to higher frequencies by an amount in agreement with the experimental spectra.
Gong et al. 39 reported a similar interaction, particularly a π-π+ stacking, between sp 2 carbon in an amorphous carbon surface and imidazolium cation. The imidazolium ring is a delocalized π system and could adopt a parallel orientation to the solid substrate interacting with sp 2 π electrons, as argued by Gong et al. 39 Xu et al. described a comparable scenario where chemically converted graphene induced molecular flattening of a porphyrin-based molecule through electrostatic and π-π stacking cooperative interactions. 40 However, this interaction does not explain the shift of the whole band at 1090 cm −1 with increasing graphene concentration.
In order to test our interpretation in terms of orientation of the solvent molecules to graphene surfaces, theoretical simulations using a combination of density functional theory (DFT) and molecular dynamics (MD) calculations were performed (see the ESI †). The MD calculations showed that the most frequent DMF orientation with respect to graphene was the parallel one. We found that three parallel configurations, labelled as A, B and C, presented the highest occurrence of 59.7%, 17.6% and 8.1%, respectively, compared to all other possible DMF orientations (see Fig. S12 in the ESI †). These configur-ations represent simple systems consisting of three (A and B) or two (C) DMF molecules around a graphene flake. Subsequently, these configurations were used as inputs for DFT simulations. It was found that these parallel configurations were the most energetically favorable, facilitating π-π stacking (see Fig. S10 , and 12-14 in the ESI †).
To investigate a possible order of DMF molecules near graphene (model v), the nitrogen-nitrogen (N-N) pair-correlation function (PCF) of DMF molecules was calculated. Fig. 3a shows the contour plot of the N-N PCF as a function of graphene distance and N-N pair distances. This plot represents the relative density of nitrogen atoms around a central nitrogen atom as a function of its distance to graphene. In this particular case, the plot provides information about the distance between DMF molecules (N-N distance) in all possible parallel planes with respect to graphene. Fig. 3c schematically illustrates the surroundings of a graphene flake, where layers of DMF at different distances from the graphene flake are represented. The scheme shows that in the nearest layers of DMF to the graphene flake (orange planes) DMF molecules are parallelly oriented towards the graphene flake. A central molecule of DMF and its first, second and third neighbors are represented in the layers on top and above the graphene flake.
Three vertical cuts of the contour plot ( Fig. 3a ) at 3.6, 8.1 and 25.5 Å distance from the graphene are displayed in Fig. 3b . These representative cuts were selected based on the relatively high density of DMF molecules at certain N-N distances as shown in Fig. 3a . At a distance of 3.6 Å from the graphene flake, DMF molecules show a large degree of ordering, similar to that of a crystal: the first (∼6.5 Å), second (∼11.6 Å) and third (∼16.5 Å) neighbors can be identified (also called coordination shells). At least three layers of ordered DMF can be observed at 3.6, 8.1 and 13.5 Å from the graphene flake, which is remarkable considering that the flake radius is only 16.5 Å; hence, on larger flakes even longer-ranged ordering may be expected. Fig. 3a clearly shows that these three layers of DMF molecules have a higher density of DMF molecules at different N-N distances, although the effect is lost thereafter (see the ESI † for details). As the distance of DMF molecules from the graphene flake increases, the dynamic solid-like behavior of DMF is lost and it starts to behave as a normal liquid ( just the first neighbors can be identified). Akıner et al. reported a similar nanolayer formation of water in the vicinity of hexagonal boron nitride. 41 The interaction between the graphene and DMF molecules also induces a shift in the maxima of peaks in PCF as shown in Fig. 3b . The first peak (first neighbors) corresponding to a plane of molecules of DMF at 3.6 Å of graphene is shifted compared to the first peaks corresponding to the planes at 8.1 and 25.5 Å from the graphene flake. This indicates a rearrangement of the molecules on the graphene flake. Close to graphene DMF molecules tend to lay parallel to the flake, as mentioned before, requiring a larger N-N distance in the first coordination shell (see orange solid line in Fig. 3b) . A shifting of the second peak is also observed.
The above discussion suggests that the local order of solvent molecules near the graphene flake, the parallel configuration and the possible π-π stacking are plausible key factors to explain the high dispersibility of graphene in DMF and DMAc. 42 The same mechanism can also explain the high dispersibility of graphene in other amides, such as N-methyl-2pyrrolidone (NMP). 42 Delving deeper into the experimental Raman spectra of DMF NFs, the associated symmetric shape of the band at ∼1090 cm −1 , indicates that, to a greater or lesser extent, all DMF molecules are affected by the graphene flakes, in terms of the energy associated with this DMF vibrational mode. This unexpected result has been studied theoretically here; however, no explicit order was found beyond the third DMF layer above the graphene flake. If the DMF molecules near graphene were the only molecules affected by the presence of the graphene flake, the band at 1090 cm −1 should not shift and a weak shoulder would appear at higher frequencies as evidence of a fraction of DMF molecules acquiring a stronger bond.
Finally, our findings demonstrate that both this particular molecular interactions and local order mechanisms of the solvent molecules around graphene are present in the NFs as models (iv) and (v) suggested. Concerning model (vi), as the mean free path of phonons in graphene covers a large range (40-800 nm) 43, 44 and the size of our graphene flakes varies from 150 to 450 nm, it is conceivable that phonons with a certain range of mean free path also contribute to the enhancement of k.
In fact, flakes of such sizes have been reported to display very high thermal conductivity. 45 As mentioned above, graphene flakes with those sizes were able to induce a liquid layering effect, in agreement with model (v), which in turn reduces the thermal boundary resistance between the flakes and the liquid. 46 Shahil et al. 47 separately showed that the thermal conductivity of a graphene-based nanocomposite increased with the graphene loading due to the low thermal boundary resistance between the flakes and the matrix. Both studies highlighted the fact that a strong enhancement of thermal conductivity requires the presence of thin flakes, albeit not exclusively. One of the reasons for the smaller thermal conductivity enhancement of nanofluids compared to nanocomposites might be attributed to the higher interface thermal resistance between graphene flakes and liquids, as can be seen on comparing the results from Shahil et al. 47 and Alexeev et al. 46 In a nanocomposite, the thermal conductivity enhancement can also be further improved by giving a specific orientation to the flakes, 48 which might also occur in our nanofluids.
Regarding the enhancement of C p exhibited by our NFs, similar enhancements in analogous NFs have been reported previously, e.g. for graphite nanoplatelets (NPts), Nelson et al. 49 showed a 50% enhancement of C p of polyalphaolefin with 0.6 wt% of graphite NPts with a thickness of ∼100 nm and diameters ∼20 μm. Xie et al. 50 reported enhancements of ∼8% and 17% for molten salt-based NFs with concentrations of 0.5% and 1.0 wt% graphite NPts (thickness ∼2-5 nm and diameters ∼10-20 μm).
In the case of oxide nanoparticles (NPs), Shin and Banerjee also reported a 26% 51 and 14.5% 3 enhancement in molten salt using SiO 2 NPs with a concentration of 1 wt%. Similarly, Qiao et al. 52 found an enhancement of 15.7% in other molten salts with the same concentration and NPs. Sang and Liu 53 also showed a huge enhancement of C p in ternary-based NFs with different NPs. They measured enhancement of 79.9-113.7% for SiO 2 , 50.6-73.9% for CuO, 31.1-56.5% for TiO 2 and 50.6-66.5% for Al 2 O 3 nanoparticles with concentrations up to 1 wt%.
While it is well known that the addition of small amounts of nanomaterials (<1 wt%) could lead to the enhancement of C p , the mechanism behind is still under debate. In certain simple cases it has been shown that the C p of the NFs can be explained using the mixing theory of ideal gas mixtures. 54 However, it has been demonstrated that this approach fails for some NFs, where the C p of the NPs is lower or in the order of the bare fluids. Shin and Banerjee identified three mechanisms to understand the enhancement of C p : 3 (i) higher C p of NPs in comparison with their bulk counterpart: this enhancement of C p is well known and it comes from the discretization of the phonon spectra and the modification of the phonon density of states. [55] [56] [57] [58] (ii) High solid-fluid interaction: the high surface area per unit mass of the NPs induces an increase in the interfacial thermal resistance (ITR) between the NPs and the surrounding fluid molecules. The increase in the ITR acts as additional thermal storage. 14, 59 (iii) Nanolayering of the liquid molecules around the NPs: the existence of this solid-like layer is likely to have enhanced specific heat due to the smaller intermolecular spacing in comparison with the bare fluid. 3 Mechanism (i) cannot explain completely the enhancement of C p in our samples. Due to the lateral sizes of the graphene flakes, it is not small enough to see the "phonon confinement effect", and we do not expect a strong modification in the phonon spectra. But, if we consider that as the thickness of the flakes is below 10 nm, the heat capacity can be affected by the emergence of new phonon modes, such as breathing and shear vibrations. 60 However, due to these modes having a very low energy (∼20-80 cm −1 , 2.5-10 meV) we do not expect an important contribution at room temperature. 61, 62 Regarding model (ii) (high solid-fluid interaction), Xue et al. 63 demonstrated that for nanofluids characterized by weak atomic bonding (compared with solid-solid) at the particlefluid interface, they exhibit high thermal resistance. In our case, the strength of the π-π interaction for the parallel configuration fluctuates between 4.1-1.0 [kcal mol −1 ] (see Fig. 4 ). The weak strength of the π-π stacking and the possible high thermal resistance together with the formation of the nanolayering (model iii) around the graphene flakes could explain the enhanced C p observed in this work.
Recently, Hentschke 64 discussed other possible mechanisms caused by mesolayers of the liquid molecules around the NPs and their interaction with other mesolayers. These mesolayers should have higher C p compared with the bare fluid and they should extend far beyond the NPs with extensions about 4 times the diameters of the NPs. While this theory matches quite well with the cases presented in the work of Hentschke, our results did not show a layering beyond 18 Å, i.e., in the same order as the lateral size of the graphene flakes.
Conclusions
Highly stable graphene dispersions over time in DMAc and DMF with enhanced thermal properties were prepared. The influence of graphene concentration on thermal conductivity, specific heat capacity and speed of sound was measured showing an enhancement of all these properties with increasing graphene concentration. We measured a 48% enhancement in the thermal conductivity of 0.18% DMAc-based nanofluid, demonstrating that only a small amount of dispersed graphene is required to induce a large enhancement of the overall thermal properties compared with the base fluid. Furthermore, a 0.11 wt% of graphene in the same fluid resulted in an 18% improvement in specific heat capacity. Finally, the Raman scattering results and the simulations lend support to the idea of stronger intermolecular interaction between the solvent and the graphene flakes than initially thought.
The Raman spectra analysis indicated that the intermolecular interaction between DMF molecules is modified when graphene is present, affecting the whole liquid. Furthermore, the theoretical studies suggested that the interaction between graphene and the nearest DMF molecules is stronger than initially thought. These molecules tend to lay parallel to the graphene flake favoring a possible π-π stacking. A local order of the DMF molecules up to three layers was also observed in the simulations.
These results represent an excellent initial step toward understanding the manner in which NPs modify the fluid arrangement directly affecting thermal transport. NFs are commonly highly diluted systems; therefore, it is the properties of the NPs and fluid molecule atoms at the points of intermolecular contact which are important in assessing the type of interaction. It clearly depends on the nature of the NPs and fluid molecules. It is also important to remark that the interaction between graphene and DMF is the key factor explaining the high dispersibility of graphene in DMF, DMAc and NMP.
Our results suggest that the presence of graphene produces important changes at the macroscopic level in organic base fluids, with the result that the dispersal of tiny concentrations of graphene produces a large improvement in the overall thermal properties of DMF and DMAc. This revealing finding demonstrates the applicability of these types of nanofluids as efficient, heat transfer materials. Furthermore, the small concentrations of graphene help to minimize contamination and can reduce possible sedimentation problems and the final costs of heat transfer fluids.
Methodology
Sample fabrication
Graphene flakes with lateral sizes ∼150-450 nm and thicknesses from 1 to 10 layers were prepared from graphite (Sigma- Fig. 4 Strength of π-π stacking calculated at different distances from the graphene flake.
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